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PHOTOASSISTED OXIDATION OF SPECIES IN SOLUTION 

TECHNICAL FIELD 

The present invention relates to methods and >P 

processes for the photoassisted oxidation of dissolved 

_ ^ ^ 

5 species including (arsenic , iron , phosphorus andCsulphur> 

^Particularly, though not exclusively, the invention 

prelates to the treatment of process liquors, waters and 1 

Ywaste waters, for example, liquors generated by 

industries such as the mineral processing and chemical 

10 industries and as found in ground waters, in geothermal 

waters, in leachates from coal fly ash piles, and in acid 

drainage arising from pyritic heaps resulting from the 

past practices employed in mining metallic ores, etc. 

BACKGROUND ART 

15 Within the above-mentioned industries, there are 

many impurity bearing aqueous streams. For example 
est reams ; containing ^ar seni^ \in the t rival ent (+3) 
oxidation state are found. Known methods of arsenic 
removal from arsenic -bearing waters include adsorption 
20 processes using metal -hydroxide co-precipitation or ion- 
exchange media, and arsenic precipitation as ferric- or 
calcium- compounds. When arsenic is in the dissolved 
state, it is most efficiently removed from aqueous 
solutions by the above methods when it is present in the 
25 pentavalent (arsenate) form. Consequently, there is a 
need to convert arsenic (III) to arsenic (V) in order to 
^achieve effective arsenic removal from solution . 
Furthermore, trivalent (arsenite) compounds have been 
reported to be fifty times more toxic than the 
30 corresponding pentavalent arsenate forms. (In this 
specification, and in accordance with the IUPAC 
convention, reference to the terms ^arsenic (III) "or O- 
X "As (III) "will include all arsenite species in which the 
7 arsenic is present in the trivalent oxidation state, and 
35 j ref erence to the terms "arsenic (V) " or "As (V) " will : 
^include all arsenate species in which the arsenic is 
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present in the pentavalent oxidation state. Similar 
reasoning applies to the oxidation states for all other 
species disclosed.) 

Arsenic (III) compounds in solution can be oxidised 
5 to arsenic (V) b y dissolved oxygen in ambient condi tions 
only at an extremely slow rate. Hence, stronger oxidants 
such as chlorine, hydrogen peroxide, and ozone are 
usually used to convert arsenic (III) to arsenic (V) as 
part of the arsenic -removal process. In many cases these 

10 oxidants represent the major cost item of the water 
treatment process. 

Furthermore, many of the published methods for the 
oxidation of arsenic (III) to arsenic (V) have been 
complex, costly or inappropriate for application on a 

15 large or industrial scale. Many of the reagents used in 
the oxidation treatment are expensive, as are some of the 
sources of ionising raciiat ion. Alternatively, the 
conversion of arsenic (III) to arsenic (V) has not been 
sufficiently fast enough. Other complexities include the 

20 need for special equipment due to operating parameters 

such as high pressure, and elevated temperature, the use 
of electrolysis techniques etc. Clearly, it would be 
advantageous if a cheaper means was provided for 
£ oxidising., arsenic using a method which can be used at 

25 room temperature and low pressure without the need for 
special equipment and complex operation. 

DISCLOSURE OF THE INVENTION 
In a first aspect the present invention provides a 
method for the oxidation of As (III) in solution 
30 comprising the steps of: 



(a) 



supplying to the solution oxygen, and a 
photoabsorber which is capable _pf 




increasing the rate of As (III) oxidat i on 
when exposed to UV radiation; and 



irradiating the resulting solution from 
(a) with UV radiation. 



WO 95/11195 



PCT/AU94/00649 



- 3 - 

Preferably the photoabsorber is a metal -containing 
dissolved or solid species, which in one form of the 
invention can be a dissolved cationic species. 

The wavelength (s) of the UV radiation are typically 
selected such that during irradiation the photoabsorber 
causes a chemical reaction that increases the rate of 
oxidation of As (III) by the oxidant relative to a rate 
where the photoabsorber is absent from the soluti on. The 
\ ^^^ra^iation^.G^ fcp f , r .§gurced eg. from all types; of mercury 

10 3^mps"and fr^ sUnlfght: 

Preferably the oxidation is that of As (III) to 
As(V) . 

At least preferred forms of the first aspect of the 
present invention can provide a photo assisted (or phot o - 
15 enhance d) oxidation process which may enable the more 

expensive oxidation processes to be replaced by a simple 
procedure which can be operated at ambient conditions. 
Thus, expensive chemicals such as hydrogen peroxide, 
chlorine and ozone may not be required and the process 
20 can be used to oxidise, for example, arsenic (III) species 
in industrial waste waters, process liquors, leachates, 
^ dissolved arsenic trioxide from flue dust, and 

& / |poi^aminated ground water intended for municipal water 

' jjlupply. The process can also be used for the treatment 

25 of geo- thermal /spring waters which often contain 
a arsenic (III) species in solution. 

tyefy<^ s0 "^ . ^ The photoabsorber can be a photo catalyst such as a 

A^e-^v^ 0 ' dissolved species or a solid which absorbs light." 

$0^°^ Changes in the oxidation state of the photoabsorber may 

30 be acceptable in some applications. Preferably the 

photoabsorber is iron (II) and/or iron (III) species, but 
in addition or independently can also be one or more of 

» 

Al(III), Cr(III), Cu(II), Ce(III) etc as appropriate . 
The oxygen can be supplied as pure oxygen or air. Both 
35 can be used at pressures greater than 1 atmosphere. 

As indicated above, when arsenic (III) is oxidised to 
arsenic (V) , it is considerably easier to remove arsenic 
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from solution- Preferred methods are precipitation and 
adsorption processes. 

In a second aspect the present invention provides a 
process for removal of As (III) from solution comprising 
5 the steps of: 

(a) supplying to the solution an oxidant, and 
a photoabsorber which is capable of both 
increasing the rate of As (III) oxidation 
when exposed to electromagnetic, radiation 

10 and precipitating/co-precipitating with 

subsequently oxidised As (III); 

(b) irradiating the resulting solution from 
(a) with electromagnetic radiation; and 

(c) allowing precipitation/co-precipitation of 
15 the subsequently oxidised As (III) and the 

photoabsorber, if necessary, by adjusting 
the pH of the solution from (b) to cause 
said precipitation/co-precipitation. 
Typically the wavelength (s) of the electromagnetic 
20 radiation are selected such that during irradiation the 

f ^ photoabsorber causes a chemical reaction that increas es 

t-h^rat-f* nf rarlrigM o n of As (III) by the oxidant relativ e 
to a rate where the photoabsorber is absent from the 
solution. 

25 * Preferably, in step (c) and if necessary, the pH is 
adjusted to be greater than about 3. 

\ ^ Preferably the photoabsorbe r is one or more of 

Fe(II), Fe (III) , or Al (III) . However, when the 
photoabsorber is Al(III) it is most preferred that, if 

30 necessary, the pH is adjusted to be greater than about 5. 

Preferably, in step (c) and if necessary, the pH is 
adjusted by adding lime, sodium hydroxide or other base 
to the solution. 

Electromagnetic radiation of wavelengths in the UV 

35 and/or visible light bands is preferably used in the 
second aspect, although it is most preferred that UV 
radiation is used. In both the first and second aspects 
a low, medium or high pressure mercury arc lamp can be 
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used as the source of TJV radiation. As an alternative, 
UV radiation from a laser source can be used. The 
process of the second aspect also enables the use of 
sunlight as a source of electromagnetic radiation. 
In thie second aspect, it is preferred that the 



^oxidant_ is oxygen, which can be supplied as pure oxygen 
Cor air. 

When irradiating arsenic (III) in the presence of eg. 
dissolved oxygen and Pe (II) /Fe (III) , radiation including 
10 specific radiant energy at wavelengths of about 2 54nm / 
and/or 190nin is preferably used, although for the second 
aspect other wavelengths extending into the visible 
region of the solar spectrum may also be used. 

The electromagnetic radiation can be supplied 
15 continuously or in pulses. In some embodiments, a 

continuous supply should be used because the oxidation 
reaction stops or slows when the electromagnetic 
irradiation is stopped whereas a pulse supply is 
preferably used when the oxidation reaction continues or 
20 accelerates for a period after the electromagnetic 
irradiation is stopped. 

When dissolved iron species are used as the 
photoabsorber, a preferred operating pH for arsenic 
oxidation in the first and second aspects is a pH of less 
25 than 4. At low pH, the iron can be present in solution 
in its di- and tri-valent states. 

If the oxidation reaction pH is above 4, then Fe(II) 
is not stable and is itself oxidised to insoluble 
ferrihydrite. The oxidation of As (III) still continues, 
30 but not as efficiently. 

Alternatively, other iron hydroxy oxide compounds, 
magnetic iron oxide or magnetic iron oxide coated with 
catalytic compound can be used as the photoabsorber at 
different pH values. 
35 Iron (III) is often used as an oxidant in 

hydrometallurgical processe s, eg. the heap leaching of 
pyritic ores and the acid leaching of uranium ores. 
Since the rate of oxidation of iron (II) to iron (III) by, 
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for example, dissolved oxygen in a low pH (acid) solution 
is very slow, oxidants such as peroxide, hypochlorite and 
other oxychloride species have been used. However, these 
species have attendant handling and environmental 
problems (eg* in disposal, storage etc) and are often 
costly. 

<)- In a third aspect the present invention provides a 
method for oxidising Fe(II) to Fe(III ) in a solution 
having acid pH comprising the steps of: 

supplying to the solution an oxidant, and 
a substance which_ is d i fferent to^F e_(II) 
and which is both capable of bein cr 
oxidi sed and increasing the rate of 
reaction ^jof ^F^II^ t ^^ge (III) when subj ect 
to UV radiation, relative to a rate in 



\6 which the substance is absent from the 
> ^ solution.; and 

t$ irradiating the resulting solution from 
(a) with UV radiation. 
Most preferably the pH of the solution is about 3.5 
or less. 

l3-_- ^Pref erably (the s^s tance is As (III) , @JII) f \SJJV); 
:e(III) or Mn(IlT^\ By using such a substance, the 
oxiaation or *e(±I) to Fe(III) is cheaper than existing 
25 techniques and generally environmentally more acceptable. 
16 The wavelengths of UV radiation used can be selected as 
^-^appropriate for the substance supplied. 

When the substance is P(III), it is preferred that 
P(III) is oxidised to P(V) so that the Fe(III) is then 
30 precipitated as a ferric phosphate. 

5\ It is most preferred that the oxidant includes, 
^oxygen, which can be supplied as pure oxygen or air. 

As indicated above, the method of the first aspect 
includes the steps of arsenic (III) oxidation in the 
!L5 presence of oxygen, a Rhotoabsorber and UV radiation. 



Analogously, in a fourth aspect the present 
invention provides a method for the oxidation of 
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phosphorus (III) and/or ^i^^kr in solution 

comprising the steps of: j 

(a) supply ing tc / the solution oxygen, and a 

>hotoabsorber> which is capable of 



5 increasing the rate of said oxidation; 

and 

(b) irradiating the resulting solution from 

(a) with UV radiation. 
The method of the fourth aspect has many of the 
10 advantages associated with the first aspect of the 
invention. 

The wavelength (s) of the UV radiation a re^ ty pically 
selected such that during irradiation the ^hotoabsor^e^ 
causes a chemical reaction that increases the rate of 
15 said^oxidation by oxygen relative to a rate in which the 
^i otoa^sorbe^ > is absent from the solution. 

The photoabsorber can be one or more of iron(II) f 
iron (III), Al(III), Cr(III), Cu(II), Ce(III), etc as 
appropriate. The UV radiation wavelengths can be 
20 selected as for the first aspect. It is also preferred 

that the oxygen is supplied as either pure oxygen or air. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Notwithstanding any other forms which may fall 
within the scope of the present invention, preferred 
25 embodiments of the invention will now be described, with 
reference to the following examples. It should be 
appreciated, however," that the invention is not limited 
to the Examples or Figures in which: . 

Figure 1 depicts the changes in the concentrations 
30 of arsenic (V), iron(II) and dissolved oxygen (DO) as a 
function of time when a low-pressure mercury lamp (254 
nm) was turned on, off and on again while the solution 
was deoxygenated and re -oxygenated. Initial 
concentrations: As (III) 50 mg/L, Fe(II) 74 mg/L, pH 1, 
35 chloride medium, for the reaction of Example 1; 

Figure 2 depicts the concentrations of dissolved 
arsenic (V), iron (II) and oxygen (DO) as a function of 
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irradiation time. Initial conditions of the aerated 
solution: As (III) 52.7 mg/L, Fe(III) 74 mg/L, pH 1, 
chloride medium, for the reaction of Example 2; 

Figure 3 depicts the concentrations of dissolved 
5 arsenic (V) as a function of time for different solution 
pHs. Initial conditions of the aerated solution,: 
As (III) 52.7 mg/L, Fe(III) 74 mg/L f chloride medium, for 
the reactions of Example 3; 

^ Figure 4 depicts the concentrations of arsenic (V) as 

10 a function of time when aerated solutions containing low 
II concentrations of AS (III) were irradiated with UV light 
|^(254 nm or 350 nm) . Initial concentrations: As (III) 5 
mg/L, Fe(II) 74 mg/L, for 

(a) a solution of pH 2 with 'sulphate as anion; 

15 (b) a solution of pH 1 with chloride as anion; 

(c) a solution of pH 3 with a 

sulphate/chloride anion mixture; ^ — 
for the reactions of Example 4; 

Figure 5 depicts the concentrations of arsenic (V) 
20 and iron (II) as a function of solar irradiation time. 

Initial conditions: As (III) 250 mg/L, Fe(II) 370 mg/L, 
pH 1, chloride medium, when the solution is exposed to 
sunlight for the reaction of Example 5; 

Figure 6 depicts the concentrations of dissolved 
25 arsenic (V) as a function of irradiation time for 

different photoabsorbers . Initial conditions: As (III) 
50 mg/L, mole ratios of the photoabsorber/arsenic (III) 
5/1 for Cr(III) , 110/1 for Al(III) , 4/1 for Cu(II) and 
1.6/1 for Ce(III); pH 1, chloride medium, 254 nm UV 
30 irradiation, air sparging, for the reactions of Example 
6; 

Figure 7 depicts the concentration of arsenic (V) as 
a function of UV irradiation time using a high pressure 
mercury lamp. Initial conditions: A (Fe/As 2/1, pH 2), 
35 B (Fe/As 1/2, pH 2) , C (Fe/As 2/1, pH 3) , D (Fe/As 4/1, 
pH 1). Initial As (III) concentration = 250 mg/L in all 
cases, as set forth in Example 7; 
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" Figure 8 depicts the photoassisted oxidation of 51.5 

^ mg/L of dissolved arsenic (I II) in the presence of 72.2 
(mg/L of iron (II) in sulphate medium (aerated) using 254 
)nm lamp, followed by the addition of extra iron and lime 
I to remove the arsenic (V) from solution, being an iron co- 
V precipitation process, for the reaction of Example 8; 

Figure 9 depicts the concentrations of iron (II) and 
phosphorus (V) as a function of time when a solution of 74 
mg/L Fe(II) and 20.5 mg/L (P(III) was aerated and 
irradiated with 254 nm UV light; chloride medium, pH 1, 
for the reaction of Examples 9 and 10; ^ 

Figure 10 depicts the changes in dissolved iron (11)^ 
concentration, in the presence of\S(TV) , as a function of 
irradiation time. A 254 nm low-pressure mercury lamp was 
used to irradiate the air- sparged solution. Initial 
conditions: Fe(II) 74 mg/L, \S (IV) / 20 mg/L, pH 1.5; 
sulphate medium, for the reaction of Examples 9 and 10; 

Figure 11 depicts the changes in dissolved iron (II) 
concentration, in the presence of Mn(II) , as a function 
of irradiation time. A 254 nm low-pressure mercury lamp 
was used to irradiate the air- sparged solution. Initial 
concentrations: Fe(II) 74 mg/L, Mn(II) 37 mg/L, pH 1; 
chloride medium, for the reaction of Example 9; and 

Figure 12 depicts the changes in dissolved iron (II ) 
concentration, in the presence of Ce(III), as a function 
of irradiation time. A 254 nm low-pressure mercury lamp 
was used to irradiate the air- sparged solution. Initial 
conditions: Fe(II) 108 mg/L, Ce(III) 50 mg/L, pH 1.5; 
sulphate medium, for the reaction of Example 9 . 
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MODES FOR CARRYING OUT THE INVENTION 
Examples 

In the following examples, the following variables 
were investigated in the evaluation of the photoassisted 
5 oxidation of As (III) to As (V) , of Fe(II) to Fe(III) of 
P(III) to P(V) and of S(IV) to S(VI) . 

Source of radiant energy. 

For As(III), Fe(II), P(III) andfs(IV) any artificial 
source of radiant energy in the UV region of the 

10 electromagnetic spectrum can be used, provided that the 
radiation is absorbed by the photoabsorber (or 

^ — photoactive substan ce) present. Low and high pressure 

mercury arc lamps were used. In the second aspect of the 
invention where visible light can also be used, 

15 blacklight blue, visible fluorescent tubes and sunlight 
were also investigated. 

Low pressure Hg arc lamps emit more than 90% of 
their radiant energy at a fine 254nm line. Light of this 
wavelength is strongly absorbed by aqueous ferrous ions 

20 and ferric ions. It was noted that commercial 

applications for water disinfection and UV oxidation of 
dissolved organics use similar low pressure lamps because 
they are the most efficient at converting electrical to 
radiant energy (up to 50% conversion efficiency) . 

25 Source of oxidant. 

For the examples below, oxygen is the oxidant during 
the photoassisted oxidation process. Oxygen was supplied 
at 0.2 atmosphere partial pressure by aerating the 
reaction mixture. Higher partial pressures were achieved 
30 by varying the oxygen/nitrogen ratio in the oxygen- 
nitrogen gas mixture at 1 atmosphere. 

It was noted that where the source chosen emitted 
light at a wavelength at about or below 190nm, ozone was 
generated from the dissolved oxygen. This did not occur 
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in the examples below * (Ozone is a powerful oxidant and 
its reaction with arsenite is well established) . 




ice of photoabsorber.^ 




It was noted that aqueous arsenite species in 
5 solutions did not absorb light above 200nm, hence a 

photoabsorber was required to absorb the photon's energy. 
The use of iron and other metal species as a 
photoabsorber and accelerator for the oxidation reaction 
was investigated. 

10 Iron was added to the aerated solution as iron (II) 

or iron (III) -chloride, | si^phate or -perchlorate for 
experiments with pH<3 . Above pH 3, iron (III) -species 
were present mainly as hydrous iron oxide compounds. The 
rate of arsenic oxidation was influenced by the initial 

15 iron to As (III) ratio. Aluminium ( III ) , Chromium ( III) , 
Copper(II), and Cerium(III) may also be used as a 
photoabsorber . 



pH. 

The reaction mixture pH has a significant effect on 
20 the reaction rate and, as indicated above, on the 

speciation of the photoabsorber. Fe(II) species are 
stable at pH less than about 3 in the presence of 
dissolved oxygen. 

When the low pressure mercury lamp (254nm) was used 
25 for irradiation and dissolved Fe(II) as a photoabsorber, 
the rate of reaction was increased with a decrease in 
solution pH. 



Temperature . 

When Fe(II) was used as the photoabsorber, the 
30 reaction rate was increased with a decrease in the 

solution temperature mainly because of the increase in 
the value of saturation dissolved oxygen concentration 
with a decrease in solution temperature. 
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Light Intensity. 

The reaction rates were dependent on the photon flux 
when other factors such as dissolved oxygen were not 
limiting. No reactions of significant rate were observed 
5 in the absence of irradiation. 

EXPERIMENTAL EXAMPLES 

Photochemical Oxidation of Dissolved Arsenic (III) 
EXAMPLE 1 jgkfoA^ 

A reaction mixture (575ml) containing 74mg/L Fe(II) 
10 as chloride and 50mg/L As (III) was prepared as follows: 

the Fe(II) stock solution was obtained by dissolving iron 
metal powder in HC1 solution, the arsenious acid 
^o^*"^^ — ^ (As (III) ) s tock solution was obtained by dissolving 

arsenic trioxide in heated, filtered, demineralised 
15 water. The pH of the reaction mixture was adjusted to 1 
with the addition of HC1. The reaction mixture was de- 
oxygenated by bubbling nitrogen and irradiated with light 
from a 15W Low Pressure Hg lamp (LP Hg lamp) . As 
indicated in Figure 1, where changes in concentrations of 
20 As (V) and Fe(II> are shown as a function of irradiation 

time, no oxidation of As (III) was observed at this stage. 

The lamp was then turned off and the solution was 
re -oxygenated by oxygen- sparging. As indicated in Figure 
1, again, no oxidation of iron or arsenic was observed. 
25 After the lamp was switched back on, complete 

oxidation of As (III) to As (V) - was achieved in f ive 
minutes i- In those five minutes, 80% of the initial 
Fe(II) was also oxidised to Fe(III). This indicates that 
both light and oxygen were needed when Fe(II) was used as 
30 the photoabsorber . 

Actinometry determination using potassium 
ferrioxalate showed that 2 Watts of 254nm radiation 
produced by the 15W LP Hg lamp was absorbed by the 
solution. Total concentrations of Fe, As and other 
35 elements were determined using ICP-AES spectroscopy. For 
low (ppb) concentrations of total As and As (III), atomic 
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absorption spectroscopy with hydride generation was used. 
For mg/L levels of As (V) , the molybdenum blue 
spectrophotometry method was used (Johnson D and Pilson 
M, Anal. Chim. Acta, 58 (1972), 289-299); Fe(II) was 
determined using a colorimetry method described by 
Stookey (Anal Chem 42 (1970), 779-781). v XP^ 

EXAMPLE 2 f 1 

A second solution (575ml) containing 74mg/L Fe(III) 



as chloride (ferric chloride) and 50mg/L As(III) ^ of pH 1 
was aerated (with air) . When this was irradiated with UV 
light (254nm) , as above, complete oxidation of As (III) 
was achieved in 30 minutes (Figure 2) . No significant 
reaction of Fe(III) to Fe(II) was observed, indicating 
that oxygen, not iron, was the oxidant. 



EXAMPLE 3 

Four reaction mixtures, each (575ml) containing 74 
mg/L Fe(III) ^as sulphate (ferric sulphate} and 50mg/L 
AstHI ) , were prepared at several pH values (pH l, 3, 6 
and 11) and aerated with air. When the solution was 
above pH 5, carbon dioxide -free air was used in order to 
achieve constant pH readings. The initial dissolved 
As (III ) in all the reaction mixtures was oxidised to 
As (V) only after they were irradiated with the 15W LP Hg 
lamp (Figure 3). This indicates that the reaction 
proceeds in the presence of sulphate y (chloride was used 
in previous examples) and in alkaline as well as in 
neutral and acid conditions. 




EXAMPLE 4 

Two reaction mixtures were prepared with 5mg/L 
As (III) and 74mg/L Fe(II). The first mixture was of pH 2 
with sulphate as the anion. The concentrations of 
Fe(II), As (III) and H + in this solution would be similar 
to those found in some acid mine drainage effluents 
arising from heaps of mining wastes containing 
arsenopyrite . 
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The second mixture was of pH 1 with chloride as the 
anion. Both mixtures were irradiated using the low 
pressure mercury arc lamp as above. 

On irradiation, complete oxidation of the 
5 arsenic (III) initially prese nt in the reaction mixtures 
was achieved in less than 10 minutes (Figure 4) . This 
ind icates that low concentrations of As (III) can b e 
completely oxidised in short time. In contrast, it is 
known that the oxidation rate of As (III) using 
10 conventional oxidants, such as hydrogen peroxide, is 

dependent upon the As (III) concentration. Hence they are 
slow to oxidise the final fraction of As (III). Because 
the photochemical method is effective at oxidising low 
concentrations of arsenic (III) , c omplete oxidation o f 
15 larger initial concentrati ons gf ah fr m nan be achieved 
in reasonable time . 

Furthermore, results from optimisation/screening 
experiments show that the photoassisted reactions favour 
the oxidation of arsenic (III) in preference to reductants 
20 which are usually present in acid drainage waters such as 
ferrous species. These species, {together with partially 
; oxidised sulphur species, represent an extra chlorine- or 
peroxide -demand in conventional oxidation processes. 

A third reaction mixture (750ml), containing 74mg/L 
25 Fe(III), a l/l sulphate ^to chloride anion ratio, and of 
pH 3, was irradiated with light from a 20W blacklight 
blue (BLB) fluorescent tube. Actinometry determination 
-using- ferrioxalate -showed that the solution absorbed 2. 9W 
of light assuming the band of wavelengths are evenly 
30 distributed around 350nm. Complete oxi dation of th e 

arsenic (II I) initially present in th e reaction mixtu res 
was achieved in 10 minutes. 

As blacklight blue tubes emit a near ultraviolet 
spectrum similar to sunlight, laboratory experiments with 
35 this lamp were performed for the simulation of 

experiments involving solar irradiation in the field. 
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Photochemical oxidation of As (III) using sunlight 
EXAMPLE 5 

A litre of reaction mixture containing 370mg/L 
Fe(II) and 250mg/L As (III) in pH1.5 HC1 was aerated and 
5 circulated through a white tray of 20 x 20 cm. The 

experiment was conducted in Sydney, Australia, at noon, 
on 16 February 1994. Complete oxidation of the arsenite 
was achieved in 100 minutes (Figure 5) . 

Photoabsorbers other than iron 
10 EXAMPLE G 

Other metals can also be used as photoabsorbers. 
Figure 6 shows the progress of oxidation of arsenite 
(50mg/L) where other metals were used as the 
photoabsorber in place of iron. In the absence of 
15 irradiation, these species will not oxidise arsenite. 

The molar metal: As ratio was 1.6, 5, 110 and 4 for 
Ce(III), Cr(III), Al(III) and Cu(II) respectively. The 
pH was 1 and chloride was the accompanying anion. The 
low pressure mercury lamp was used. Metals such as 
20 divalent Mn, Ni and Zn do not absorb ultraviolet light at 
254nm. 

EXAMPLE 7 

A high pressure mercury lamp was used as the source 
of light for the experiments shown in Figure 7. Four 
solutions, each of 200mL, with different Fe (II) /As (III) 
ratios and pH as shown in the table below (chloride 
medium) were irradiated. Different rates of oxidation 
were observed. Run D gave the fastest rate ie. the 
initial As (III) concentration of 250mg/L was completely 
oxidised in less than 30 minutes. 



25 



30 



WO 95/11195 



PCT/AU94/00649 



- 15 - 





A 


B 


C 


D 


Fe/As ratio 


2/1 


1/2 


2/1 


4/1 


PH 


2 


2 


3 


1 



Interfering Substances 

As (III) oxidation rate is reduced if the optical 
5 density of the solution is increased by the presence of 
other species which absorb ultraviolet light eg. 
dissolved conjugated organic compounds or excessive 
iron (III) concentrations. Screening tests indicated that 
the reaction rate is not significantly reduced by the 

10 presence of soil organics such as fulvic acid (8mg/L) . 

(Sulphur (IV) as sulphite also did not significantly affect 
the rate. Heavy metals such as nickel chromium zinc 
manganese and copper were not found to reduce the rate. 
The reaction is faster if chloride or perchlorate 

15 electrolyte is used in plate of sulphate. Carbonate 
introduced by aerating alkaline solutions has no 
observable effect on the reaction rate. Calcium and 
magnesium do not interfere with the reaction so wastes 
previously stored as calcium arsenite may be successfully 

20 treated. 

Photochemical Oxidation and Removal of Dissolved 
Arsenic (III) 

EXAMPLE 8 

A solution (575ml) containing 30mg/L As (III) and 
74mg/L Fe (II) (as sulphate (pH 2) was aerated (with air) 
and irradiated with UV light (254nm) . The oxidation of 
As (III) to As (V) was completed in 15 minutes (Figure 8). 
After the photoassisted oxidation process was 

r ■ ■ " n 

completed, extra iron was added, as Fe (III) -sulphate 
(alternatively, Fe (II) -chloride or used pickle solution 
from the steel industry can also be used because at pH> 
3.5 Fe(II) is oxidised to Fe(III) by dissolved oxygen in 
aerated solution) to give an Fe-to-As mole ratio of about 



25 



30 
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7 , and lime was added to give a final pH 5 (the optimum 
pH for arsenic removal using iron co-precipitation) . The 
residual dissolved (total) arsenic concentration was 
found to be\0.008mg/L (the World Health Organisation 
5 guideline \f or drinking water for arsenic is 0.050mg/L). 

For comparison, when the phot ooxidat ion process was 
not included, using the same iron co-precipitation 
process, the total residual arsenic concentration was 
found to be 8.5mg/L ie. a 1000-fold factor greater than 

10 when the As (III) was first photochemically oxidised. 

The oxidation and removal process can also be 
applied to the treatment of pyrometallurgical flue dusts 
(eg. from the roasting of arsenopyritic ores) which can 
contain more than 50% arsenic trioxide. It was proposed 

15 to extract the flue dust using hydrochloric acid (HC1) 
and to add iron (II) solution before irradiation or, 
alternatively, using pickle solution from the steel 
industry which is usually rich in HC1 and ferrous ions. 
The flue dust extract, which was obtained by 

20 leaching the flue dust with 0.1M HC1 overnight, contained 
600mg/L As (III) and iron was added to give a 
concentration of 70mg/L Fe(II). Using UV irradiation 
from the LP Hg lamp above and aerated with air, the 
oxidation step was completed in less than 60 minutes. 

25 After the addition of extra iron to give a Fe/As 

mole ratio of 7/1 and neutralisation with lime to pH7, 
the concentration of dissolved arsenic in the water was 
reduced from 600mg/L in the flue dust extract to 
0.045mg/L. For comparison, when the oxidation step was 

30 not included, the residual dissolved arsenic in the 

treated water was 0.450mg/L. Co-precipitation pH of 7 
was used, instead of the optimum for arsenate removal (pH 
5), because pH 5 would have been too low for the removal 
of heavy metals which are usually present in flue dust. 
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Photochemical Oxidation of Iron (II) at pH<3 

EXAMPLE 9 

It is known that, in the absence of UV irradiation, 
the oxidation rate of Fe(II) to Fe(III) by oxygen at pH 
5 less than about 3 is very slow. As already mentioned 

above, and shown in Figures 1 and 5, when Fe(II) was used 
as the photoabsorber for the photoassisted oxidation of 
As(III), it was also oxidised to Fe(III). 

Further experiments showed that other metals and 

10 non-metals can be used to increase the rate of oxidation 
of Fe(II) to Fe(III). As depicted in Figures 9 to 12, 
the presence of dissolved phosphorus (III) which was added 
as H3PO3, ^^^^Jm^^M^^u^wsiS added as sodium sulphite, 
manganese (II) which was added as manganous chloride, or, 

15 cerium (III) which was added as Cerium ( III) -sulphate 

increased the rate of oxidation of Fe(II) when irradiated 
using a low pressure mercury lamp. 

Photochemical Oxidation of P(III) and S (IV)/ 
EXAMPLE 10 

20 It was observed that during the experiments whose 

results are shown in Figures 9 and 10, P(III) and S(IV) 
were oxidised in the same manner as As (III) ie. P(III) to 
P(V) and S(IV) toS(VI).< 

The following results were observed: 

25 Photoassisted oxidation of S(IV) to S(VI) 

Before irradiation After 30 minutes irradiation 

^3 (IV) ; 20 14.2 



S(VI) 



0 



5.8 



WO 95/11195 



PCT/AU94/00649 



- 18 - 

Photoassisted oxidation of P(III) to P(V) 





Before irradiation 


After 100 minutes irradiation 


P(III) 


20.5 


11.66 


P(V) 


0 


8.84 



Proposed Use of Methods and Processes 
First and second aspect of the invention: Oxidation 
and removal of dissolved arsenic (III) 

As discussed above, this aspect of the invention is 
versatile, in that it can be used to rapidly achieve 
complete oxidation of arsenic in solutions with either 
10 ^ high or low initial arsenic (III) concentrations. Hence, 
the projected commercial applications of this invention 
are: 

• The dissolution and oxidation of arsenic trioxide 

contained in metallurgical flue dust as an initial 
15 process for arsenic recovery or for the eventual 

disposal as iron (III) -arsenate compounds. Arsenic 
trioxide and other forms of arsenic (III) are 
frequently a waste-product of the mining and 
extraction of metals such as copper, gold, lead, 
20 nickel and zinc. 

• The oxidation and removal of dissolved arsenic (III) 
from: 

leachates arising from heaps of coal fly ash 
acid drainage from piles of pyritic material 
arising from mining operations 
ground water or geothermal/spring waters. 

Third aspect: Oxidation of iron (II) in acid solution 

Iron (III) in acid solution is commonly used as an 
oxidant for use in hydrometallurgical processes, for 
example the oxidative leaching of uranium ores and heap 
leaching of ores. Currently, oxidants such as peroxide- 
or chlorine- compounds are used for the re- oxidation of 
iron (II) in the leachincr circuit. The nhotnassistPfl 
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oxidation of iron) II) by dissolved oxygen can be used as 
an alterative to these oxidants. 

Fourth aspect: Oxidation of phosphorus (III) and 
(sulphur (IV) 



£b 5 Dissolved iron is a common impurity ,in 

^ Phydrometallurgical process liquors* If it is present as 

Pe(II) in acid solution, the addition of P(III), say as 
^ ^ phosphorous acid or its salt, and irradiation using UV 

^ lamps or sunlight can precipitate out the iron impurity 

as ferric phosphate. 

^Sulphur (IV) as sulphurous acid (dissolved S0 2 gas) or 
Its salt can be used as an adjunct (like phosphorous 
species) in the photoassisted oxidation of Fe(II) in acid 
solution. Alternatively, this aspect of the invention 
15 can be used to treat /process effluents, waters or process 
liquors by converting the sulphurous species to sulphate. 
Uncontrolled oxidation of partially oxidised sulphur 
species in the environment can result in the lowering of 
pH with the attendant problems of heavy metal 
20 immobilisation. 
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CLAIMS 

1- A method for the oxidation of As (III) in 

solution comprising the steps of; 

(a) supplying to the solution oxygen, and a 
5 photoabsorber which is capable of 

increasing the rate of As (III) oxidation 
when exposed to UV radiation; and 

(b) irradiating the resultant solution from 
(a) with UV radiation; 

2. A method for the oxidation of phosphorus (III) 
and/ or sulphur (IV) in solution comprising the steps of: 

(a) supplying to the solution oxygen, and a 
photoabsorber which is capable of 
increasing the rate of said oxidation when 
exposed to UV radiation; and 

(b) irradiating the resulting solution from 
(a) with UV radiation. 

3. A method as claimed in claim 1 or claim 2, 
wherein the photoabsorber is a metal - containing dissolved 

20 or solid species. 

4. A method as claimed in claim 3, wherein the 
photoabsorber is a dissolved cationic species. 

5. A method as claimed in any one of the preceding" 
claims, wherein the photoabsorber is selected from one or 

25 more of Fe(II), Fe(III), Al(III), Cr(III), Cu(II) and 
Ce(III) . 

6. A method as claimed in any one of the preceding 
claims, wherein the oxygen is supplied to the solution in 
the form of air or as pure oxygen. 



10 
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7 . A method as claimed in any one of the preceding 

claims, wherein the oxygen is supplied to the solution at 
a pressure of or greater than ambient, or at a partial 
pressure of or greater than 0.2 atmospheres* 

5 8. A process for removal of As (III) from solution 

comprising the steps of: 

(a) supplying to the solution an oxidant, and 
a photoabsorber which is capable of both 
increasing the rate of As (III) oxidation 

10 when exposed to electromagnetic radiation 

and precipitating/co-precipitating with 
subsequently oxidised As (III); 

(b) irradiating the resulting solution from 
(a) with electromagnetic radiation; and 

15 (c) allowing precipitation/co-precipitation of 

the subsequently oxidised As (III) and the 
photoabsorber, if necessary, by adjusting 
the pH of the solution from (b) to cause 
said precipitation/co-precipitation. 

20 9. A process as claimed in claim 8, wherein the 

oxidant is oxygen and is supplied to the solution in the 
form of pure oxygen or air. 

10. A process as claimed in claim 9, wherein the 
oxygen is supplied to the solution at a pressure of or 

25 greater than ambient, or at a partial pressure of or - 
greater than 0.2 atmospheres. 

11. A process as claimed in any one of claims 8 to 
10, wherein, in step (c) and if necessary, the pH is 
adjusted to be greater than about 3. 



30 



12 . A process as claimed in any one of claims 8 to 

11, wherein the photoabsorber is one or more of Fe(II), 
Fe(III) , or Al (III) . 
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13. A process as claimed in claim 12 wherein, when 

the photoabsorber is or includes Al(III), the pH in step 
(c) , if necessary, is adjusted to be greater than about 
5. 

5 14. A process as claimed in any one of claims 8 to 

13, wherein, in step (c) and if necessary, the pH is 
increased by adding lime, sodium hydroxide or other base 
to the solution. 

15. A method or process as claimed in any one of 
10 claims 1 to 14, wherein in steps (a) and (b) the pH is 

less than about 4. 

16. A method for oxidising Fe(II) to Fe(III) in a 
solution having acid pH comprising the steps of: 

(a) supplying to the solution an oxidant, and 
a substance which is different to Fe(II) 
and which is both capable of being 
oxidised and increasing the rate of 
reaction of Fe(II) to Fe(III) when subject 
to UV radiation, relative to a rate in 
which the substance is absent from the 
solution; and 

(b) irradiating the resulting solution from 
(a) with UV radiation. 

17. A method as claimed in~ claim 16, wherein "the pH 
25 of the solution is about 3.5 or less. 

18. A method as claimed in claim 16 or claim 17, 
wherein the substance is As(III), P(III), S(IV), Ce(III), 
or Mn(II) . 

19 . A method as claimed in any one of claims 16 to 
30 18, wherein, when the substance is P(III), irradiating of 

the resulting solution from (a) with UV radiation causes 
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P(III) to be oxidised to P(V) such that Fe(III) formed in 
the method precipitates as ferric phosphate. 

20. A method as claimed in any one claims 16 to 19, 
wherein the oxidant is oxygen, and is supplied in the 

5 form of either pure oxygen or air. 

21. A method as claimed in claim 20, wherein the 
oxygen is supplied to the solution at a pressure of or 
greater than ambient, or at a partial pressure of or 
greater than 0 . 2 atmospheres . 

10 22 . A method or process as claimed in any one of the 

preceding claims, wherein the radiation includes specific 
radiant energy at wavelength (s) of about 254nm and/or 
190nm. 

23. A method or process as claimed in any one of the 

15 preceding claims wherein the electromagnetic radiation 
is, or the UV radiation is from, sunlight. 
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